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Abstract 
Knock is a major bottleneck to achieving higher thermal efficiency in spark-ignited (SI) engines. The overall tendency to knock is highly dependent on fuel anti-knock quality as well as engine operating conditions. It is, therefore, critical to gain a better understanding of fuel-engine interactions in order to develop robust knock mitigation strategies.   
In the present work, a numerical model based on three-dimensional (3-D) computational fluid dynamics (CFD) was developed to capture knock in a Cooperative Fuel Research (CFR) engine. For combustion modeling, a hybrid approach incorporating the G-equation model to track turbulent flame propagation, and a homogeneous reactor multi-zone model to predict end-gas auto-ignition ahead of the flame front and post-flame oxidation in the burned zone, was employed. In addition, a novel methodology was implemented wherein a laminar flame speed lookup table generated a priori from a chemical kinetic mechanism could be used to provide flame speed as an input to the G-equation model, instead of using conventional empirical correlations. Multi-cycle Reynolds-Averaged Navier Stokes (RANS) simulations were performed for two different spark timings (STs) corresponding to non-knocking and knocking conditions, with other operating conditions kept the same as those of a standard Research Octane Number (RON) test. Iso-octane was considered as the fuel for the numerical study. Two different reduced kinetic mechanisms were employed to describe end-gas auto-ignition chemistry and to generate the flame speed lookup table. Experimental data, including intake/exhaust boundary conditions, was provided by a spark timing sweep study conducted in an in-house CFR engine. Moreover, cylinder wall/valve/port surface temperatures and residual gas fraction (RGF) were estimated using a well-calibrated one-dimensional (1-D) model. On the other hand, a novel methodology was also developed to analyze experimental data for the knocking case and identify the most representative cycle. For the non-knocking case, a good agreement was found between experiment and CFD simulation, with respect to cycle-averaged values of 10% burn point (CA10), 50% burn point (CA50) and peak pressure magnitude/location. The virtual CFR engine model was also demonstrated to be capable of predicting average knock characteristics for the knocking case, such as knock point, knock intensity and energy of resonance, with good accuracy.          
Introduction 
Transportation plays a major role in modern global economy and accounts for around 20% of the total energy consumed [1]. By 2040, the global demand for transport energy is projected to rise by around 40%. Moreover, it is expected that internal combustion (IC) engines 
will continue to be the mainstream of the world’s transportation fleet in the foreseeable future [2, 3]. However, in recent years, energy and environmental issues have garnered a lot of attention worldwide. In order to curtail greenhouse gas exhaust, especially CO2 emissions, a series of emission standards on vehicle fuel consumption have been mandated in many countries [4]. To be able to continue to meet these stringent regulations on emissions and fuel economy, the efficiency of IC engines needs to be improved. 
Currently, there are around 1.1 billion passenger cars in the world, out of which about 85% are powered by gasoline SI engines. The daily global demand for gasoline is 4.7 billion litres, which accounts for about 40% of the global transport energy demand [5]. Reducing engine displacement (downsizing) while maintaining the torque output by operating at high loads (boosting) is considered an effective strategy to enhance power density and reduce fuel consumption of SI engines. However, higher loads also result in more severe in-cylinder thermodynamic conditions, promoting the likelihood of abnormal combustion phenomena such as knock. 
Knock refers to the ringing noise that occurs as a result of premature auto-ignition of a portion of the end-gas (unburnt) mixture, ahead of the propagating flame front. This causes extremely rapid heat release and high-frequency pressure oscillations, which are highly detrimental to engine durability. Knocking combustion imposes stringent constraints on the performance and efficiency of SI engines by prohibiting the use of more advanced spark timings, higher compression ratios and higher boost pressures [6].  
Fuel anti-knock quality is one of the most important parameters that governs the occurrence of knock in SI engines. A fuel’s resistance to knock is quantified by its octane number (ON). ONs are measured under two different engine operating conditions in a highly calibrated CFR engine, and are defined as RON and Motor Octane Number (MON). Primary reference fuels (PRFs) provide the scale for both RON and MON, with iso-octane assigned RON = MON = 100 and n-heptane assigned RON = MON = 0, by definition. A test fuel’s RON (or MON) is determined by inducing “standard knock intensity”, and then finding a PRF blend that matches the test fuel’s knocking behavior. The ON of the test fuel is defined as the volume percentage of iso-octane in that particular PRF blend [7, 8]. MON test is performed at higher engine speed, lower intake air temperature and more advanced spark timing, relative to the RON test, as shown in Table 1. RON of a practical gasoline fuel is, in general, greater than its MON, and the difference between the two is defined as the fuel octane sensitivity (S = RON – MON). By convention, for paraffinic PRF blends, S = 0. For other fuels in general, S > 0, which is mainly attributed to significantly less pronounced negative temperature coefficient (NTC) behavior exhibited by gasoline as compared to PRFs, which makes them less resistant to auto-ignition under MON 
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conditions [1, 9-11]. However, it must be noted that although a fuel’s knock propensity is typically associated with the fuel chemistry, recent studies have shown that other properties, such as heat of vaporization (HoV) [12] and thermodynamic compressibility [13] can also contribute to it. 
Table 1. RON and MON test conditions. 
Parameter RON test MON test 
Engine speed 600 rpm 900 rpm 
Inlet air temperature 52 0C 38 0C 
Inlet mixture temperature Not controlled 149 0C 
 Spark timing  -130 BTDC 190-260 BTDC 
 On the other hand, engine operating conditions also play an important role with regard to knock, by interacting with fuel properties. In this context, Kalghatgi [1, 14] introduced the Octane Index, OI = RON – K*S, as a more appropriate metric to quantify the anti-knock quality of fuels by accounting for in-cylinder conditions. Here, K is an empirical constant representative of the pressure-temperature history of the end-gas mixture. By definition, K = 0 at the RON condition and K = 1 at the MON condition. It has been shown [15, 16, 17] that modern downsized boosted SI engines operate at negative K values (i.e., “beyond RON” conditions), so that a fuel with higher S would be more resistant to knock and enable higher efficiency. This has motivated further studies to investigate potential octane boosters that can be blended with gasoline to increase both RON and S [18, 19]. 
A better understanding of the interaction between fuel properties and engine operating conditions is, therefore, needed to prevent knock and extend the high load limit of SI engines. Furthermore, in-cylinder turbulence and thermal inhomogeneities can also influence the occurrence of knock by way of inducing different auto-ignition regimes in the end-gas [20-26]. The implications of these aspects have not been studied in much detail. In this context, computational fluid dynamics (CFD) can complement engine experiments and serve as a valuable tool to provide more insights into knocking combustion. Successful prediction of knock requires accurate modeling of turbulent flame propagation as well as end-gas auto-ignition. One of the most commonly used knock modeling approaches employs the G-equation combustion model [27] to track the propagating turbulent flame front, and a homogeneous reactor model [28] with detailed/reduced chemical kinetic mechanisms to capture auto-ignition in the end-gas and post-flame chemistry in the burned zone. However, in previous applications of this approach [29, 30, 31], the fuel laminar flame speed, an input to the G-equation model, was computed using empirical correlations [32, 33], which are available for only a few simple fuels, such as iso-octane. Moreover, these correlations are valid for a limited pressure-temperature range only. Therefore, the study of more complex multi-component fuels or fuel blends over a wide range of engine operating conditions becomes difficult with this model. In order to circumvent this limitation, Pal et al. [34] introduced a more general tabulation technique in which a lookup table for laminar flame speed was generated a priori using a chemical kinetic mechanism and subsequently employed to provide flame speeds to the G-equation model. This approach alleviates the need for any empirical correlations and enables the G-equation model to be readily applied to any fuel of interest.  
In this work, a 3-D CFD model of CFR engine was developed. For combustion modeling, the methodology developed by the authors [34] as discussed above, was employed. Numerical simulations were performed for both non-knocking and knocking conditions, with iso-
octane as fuel. Realistic intake/exhaust boundary conditions were prescribed based on in-house CFR engine experiments. Cylinder wall/port/valve surface temperatures and residual gas fraction were estimated by a 1-D GT-Power model. The 3-D simulation results were compared against available experimental data to assess the capability of the virtual CFR engine model to predict average combustion characteristics of both normal SI and knocking conditions. Furthermore, a novel methodology was also proposed to identify the most representative cycle from the experimental data of the knocking case. It must be noted that this is the first modeling study of knock in a CFR engine incorporating realistic engine geometry (to the best of the authors’ knowledge). A numerical model for CFR engine can have wide applications, ranging from investigating fuel property impact on knock propensity to studying fuel-engine interactions under a wide range of operating conditions.    
The remainder of the paper is organized as follows. First, a brief description of the CFR engine experiments and 1-D model is provided. Then, details of the CFD numerical setup, combustion model and chemical kinetic mechanisms are presented in the following sections. Subsequently, results from the numerical simulations are discussed and validated against experimental data. Finally, the paper concludes with a summary of the main findings and future directions.                     
Methodology 
CFR Engine Experiments 
The standardized single-cylinder CFR F1/F2 engine is used to measure RON and MON of motor fuels based on specific ASTM protocols [7, 8]. Table 2 shows the main specifications of the in-house Waukesha CFR engine at Argonne National Laboratory. A typical CFR engine setup provides basically two measurements: carburetor sight glass fuel level and knockmeter knock units (KU), giving a relative air-fuel ratio and a relative measure of combustion knock, respectively. Therefore, in order to get more detailed and absolute measurements of engine operating conditions and combustion behavior, several instrumentation upgrades were added to the CFR engine, without affecting engine geometry or performance during standard octane testing. For example, in order to measure absolute air-fuel ratio (lambda), a wide-band lambda sensor was installed in the standard ASTM exhaust line between the exhaust port and the exhaust surge tank. High-speed pressure transducers were employed to obtain crank-angle-resolved intake/exhaust port pressure data. Cycle-averaged intake and exhaust temperatures were measured by K-type thermocouples. In addition, crank-angle-resolved local in-cylinder pressure measurements were made by an AVL spark plug pressure transducer. More detailed information on the engine controls and instrumentation upgrades can be found in Ref. [35]. 
The standard RON test condition [7] comprises engine speed of 600 rpm, intake air temperature ~ 52 0C and spark timing of -13 crank angle degrees (CAD) after top dead center (ATDC). Experiments were performed at these conditions for iso-octane fuel, except that the ST was varied from -14 CAD ATDC to +6 CAD ATDC, in increments of 1 CAD. At each spark timing, useful information was recorded pertaining to engine operating conditions and combustion characteristics using the instrumentation described above. The air-fuel ratio was kept fixed at 0.89, which was determined to be the peak knocking lambda for iso-octane based on a prior lambda sweep test. The compression ratio was fixed at 7.55, for which standard knock intensity (equivalent to ~ 50 KU) was achieved under RON test condition. The knock units were measured by the standard CFR D-1 Detonation Pickup installed in the cylinder head and the Model 
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501-C Detonation Meter signal-conditioning unit. Moreover, the knock overpressure (ringing) was measured with the spark plug pressure transducer and calculated using the standard AVL algorithm stored in AVL IndiCom. 
Table 2. CFR F1/F2 engine specifications. 
Combustion chamber Cast iron, flat “pancake” 
Compression ratio (-) Adjustable, 4:1 – 18:1 
Bore x Stroke (mm) 82.55 x 114.3 
Connecting rod (mm) 254  
Intake valve 180° shroud, no rotation 
Exhaust valve No shroud, rotating 
Valve overlap Positive 5 CAD 
Fuel system Carbureted 
Ignition Capacitive discharge coil to spark 
 Figure 1 shows some typical characterization of the knocking behavior for the spark timing sweep. Evidently, the level of knock decreased as the spark timing was retarded, with the standard RON spark timing (-13 CAD ATDC) corresponding to 50 KU. It is interesting to note that knock was not detectable by the standard CFR knockmeter for spark timings later than -8 CAD ATDC. However, the cylinder pressure transducer still detected slight knock at these operating points. Eventually, by 5 CAD ATDC spark timing, no knock was discerned even by the cylinder pressure transducer. In order to validate the virtual CFR engine model, data for two spark timings were chosen: 5 CAD ATDC (non-knocking combustion) and -13 CAD ATDC (standard RON knock intensity).  
 
Figure 1. Effect of spark timing retard on CFR knockmeter reading and knock overpressure (expressed in terms of maximum amplitude of pressure oscillations (MAPO)). 
1-D Engine Model 
A one-dimensional gas dynamics and thermodynamics code, GT-Power by Gamma Technologies [36], was used to estimate various initial and boundary conditions for the 3-D CFD simulations. The model was developed based on the three pressure analysis (TPA) method, which uses measured high-speed intake and exhaust pressure data as boundary inputs and calculates fuel burn rate from the measured cylinder pressure. This approach requires minimum engine components with valves and ports, and minimizes uncertainties in intake/exhaust systems and combustion model, allowing more accurate estimation of in-cylinder conditions. However, the TPA method is limited to non-predictive simulations where experimental data is available.  
 
 
Figure 2. Cycle-averaged cylinder pressure from experiments (solid lines) and 1-D simulations (dotted lines) for spark timings at 5 CAD ATDC (top) and -13 CAD ATDC (bottom). 
Table 3. Estimated cylinder wall/valve/port surface temperatures, and IVC conditions from 1-D simulations. 
Boundary/Initial condition 
Spark timing 
-13  0ATDC 5 0ATDC 
T_Liner [K] 430.1 426.8 
T_Head [K] 525.2 493.2 
T_Piston [K] 485.2 461.8 
T_InPort [K] 387.8 382.9 
T_ExPort [K] 436.4 441.6 
T_InValve [K] 464.9 440.4 
T_ExValve [K] 519.6 501.9 
TIVC [°C] 136.9 132.9 
Trapped mass [g] 0.6280 0.6329 
RGF [%] 6.044 5.781 
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To ensure high accuracy of the heat transfer model, cylinder wall and valve/port surface temperatures were computed using the Cylinder Wall Temperature Solver and the Finite Element Cylinder Structure Geometry modules in GT-Power [36]. The engine geometry required by the model was obtained from a 3-D X-ray scan of the engine liner and head. The model was matched against the measured pressure data and the simulated average pressure traces showed good agreement with experiments for the two spark timings chosen, as depicted in Figure 2. The boundary wall temperatures and in-cylinder conditions at intake valve closure (IVC), thereby obtained from the 1-D model are listed in Table 3. A complete description of the 1-D model can be found in Ref. [37]. 
Virtual CFR Engine Model 
Numerical Model Setup  
A commercial 3-D CFD code, CONVERGE (version 2.3) [38], was used to develop the numerical model and perform full-cycle simulations of the CFR engine. Computational domain representing the engine geometry is shown in Figure 3. The surface mesh was generated from an X-ray scan of the engine cylinder/head assembly, incorporating realistic key geometric features such as the 1800 intake valve shroud, knockmeter port cavity and spark plug cavity. CONVERGE uses a modified, cut-cell Cartesian method for grid generation directly during runtime. In addition, it also has the capability to include fixed embedding of cells i.e., increasing the grid resolution with respect to the base grid size a priori and adaptive mesh refinement (AMR) to refine areas where the subgrid field is the largest. In this study, a base grid size of 2 mm was used outside the cylinder. Inside the cylinder, a grid size of 1 mm was employed. Two levels of fixed boundary embedding were specified near the cylinder head, piston and wall (cell size of 0.5 mm), while four levels of fixed spherical embedding (radius of 0.5 mm) were prescribed to resolve the spark kernel and initial flame development (cell size of 0.125 mm). Furthermore, AMR of cells down to 0.5 mm was used inside the cylinder based on velocity and temperature subgrid scales of 1 m/s and 2.5 K, respectively. Previous RANS [39, 40, 41] and large eddy simulation (LES) studies [42, 43] have shown that a minimum grid size of ~0.25-0.5 mm is sufficient for simulating normal SI combustion and knock. The peak cell count in the simulations reached 2 million approximately. Incipient spark kernel was modeled by adding a volumetric source for a passive scalar G (described in the next subsection) as a sphere of radius 0.33 mm in the spark gap at spark timing. In-cylinder turbulence was modeled using the RANS based re-normalized group (RNG) k-ε model [44] with wall functions. The model proposed by Han and Reitz [45] was employed to account for wall heat transfer. A second-order central difference scheme was used for spatial discretization and a first-order implicit scheme was employed for temporal discretization. In order to capture the high-frequency local pressure oscillations induced by knocking, the maximum value of the Mach Courant-Friedrichs-Lewy (Mach CFL) number was set to 2.0 during combustion. However, for non-knocking conditions, a value of 50 was used. The in-cylinder distributions of OH and CH2O [46] species along with the local pressure difference, were used to visualize knock. The combustion model and fuel chemistry mechanisms used for the simulations are described in the next subsections. 
Combustion Modeling Approach  
The G-equation model based on the flamelet theory of turbulent premixed combustion [27], was employed to track the turbulent flame front in an Eulerian manner by solving the following transport equation for the favre-averaged mean of the non-reacting passive scalar G [47]:  
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                  (1) 
where sT is the turbulent flame speed, ρu is the unburnt density, DT is the turbulent diffusion term and κ is the mean flame front curvature. 
 
Figure 3. CFR engine geometry (Red: knockmeter port cavity, Green: intake valve with 1800 shroud, Blue: spark plug & cavity). 






                (2) 
In addition, the following expression is used to calculate the turbulent flame speed in the RANS context [27]:  
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(3) 
where u´ is turbulent velocity fluctuation, sL is the laminar flame speed, Da is the Damköhler number and a1 and b1 are modeling constants. A value of b1 = 4.0 was used in this work. A more detailed description of the G-equation model can be found in Refs. [27] and [38].  
Page 5 of 12 
The laminar flame speed in Eq. (3) is generally calculated using empirical correlations [32, 33, 41]. However, a major limitation of these correlations is that they are available for only a few fuels, such as iso-octane, ethanol, methanol and their blends. In addition, these correlations are valid for only limited thermodynamic and composition ranges. Therefore, in this work, a more general methodology to incorporate fuel effects was implemented based on tabulated flame speeds [34]. In particular, a lookup table for sL as a function of temperature, pressure, equivalence ratio and residual gas fraction was generated a priori for iso-octane, based on a skeletal kinetic mechanism (discussed in the next subsection), using the CONVERGE 1-D laminar flame speed solver [38]. Interpolation schemes were then implemented in a user-defined function (UDF) to provide appropriate values of sL to Eq. (3) from the lookup table. The ranges of T/P/Ф/RGF used for generating the lookup table are listed in Table 4. The residual gas was assumed to consist of only the equilibrium products. In total, there were 1071 entries in the lookup table. A sensitivity study with respect to resolution of the flame speed table was also performed. It was found that further reduction of various step sizes (up to ΔT = 15 K, ΔP = 2 bar, ΔRGF = 2.5%) did not yield any significant differences in the CFD simulation results presented later.    On the other hand, both auto-ignition in the end-gas and post-flame chemistry in the burnt region were captured using the SAGE detailed chemistry solver [28] along with the multi-zone approach, with bins of 5 K in temperature and 0.05 in equivalence ratio [49]. Although this model does not utilize an explicit turbulent combustion closure [50, 51, 52], recent studies have shown that it works well if a reasonably refined mesh is employed, as this significantly reduces subgrid effects [40, 53].   Table 4. Parameter ranges for laminar flame speed tabulation. 
Parameter Range Step size 
Pressure 1-50 bar 3 bar 
Temperature 350-1350 K 50 K 
Fuel-air equivalence ratio 1.124 (lambda = 0.89) - 
RGF 0-20% 10% 
 Fuel Chemistry Effects  It is critical to capture both flame propagation and end-gas auto-ignition phenomena to accurately predict knock. For a typical detailed chemistry based approach [46], a single kinetic mechanism has to account for both phenomena. However, the hybrid combustion model described in the previous subsection is more flexible, as it allows for use of two different kinetic mechanisms for end-gas auto-ignition and flame speed tabulation. This also has some interesting implications from mechanism reduction perspective. A reduced mechanism developed based on the criteria of both ignition delay and flame speed would likely be larger in size as compared to reduced mechanisms developed considering only one of them. Therefore, with the hybrid combustion model, two smaller mechanisms could be employed instead of one larger mechanism. This has the potential to lower the computational expense of CFD simulations, especially for knocking combustion, where the low Mach CFL number already restricts simulation time-step markedly.  
In this work, a 48-species PRF mechanism by Liu et al. [54] was chosen to describe end-gas auto-ignition. Figure 4 shows a comparison of homogeneous ignition delay timings predicted by the PRF mechanism with experimental data available from the literature [55-58], for a stoichiometric iso-octane/air mixture. It can be 
observed that the reduced mechanism predicts experimental data very well and is, therefore, well suited for the operating conditions considered in this study. However, the 48-species mechanism over-predicts laminar flame speeds for iso-octane, as is evident from Figure 5. Flame speed results are also shown for a 165-species skeletal mechanism [59], which was developed by the authors from a detailed gasoline surrogate mechanism [56]. It can be clearly observed that the 165-species mechanism is in much better agreement with experimental data on flame speeds [60-65]. On the other hand, the 48-species mechanism is in much better agreement with experiments, as far as ignition delay is concerned (Figure 4). Based on these comparisons, the 48-species mechanism was employed in the simulations to describe end-gas auto-ignition chemistry and the 165-species mechanism was used to generate the laminar flame speed lookup table. This combined approach offers higher accuracy than using either of the two mechanisms for both purposes. In addition, this keeps the number of species transport equations solved by the CFD code relatively small (only 48 in this case), thereby resulting in low computational expense.        
  
 
Figure 4. Homogeneous ignition delay of stoichiometric iso-octane/air mixture versus temperature at 40 atm (top) and 50 atm (bottom). Symbols denote experimental data [55-58] and lines show numerical results [54, 59].   
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Figure 5. Laminar flame speed of iso-octane/air mixture versus equivalence ratio at 298 K (top) and 398 K (bottom). The pressure is 1 atm. Symbols denote experimental data [60-65] and lines show numerical results [54, 59]. 
Results and Discussion  
Full-cycle unsteady RANS simulations were performed for both the non-knocking (ST of 5 CAD ATDC) and knocking (-13 CAD ATDC) operating points. Six consecutive cycles were simulated for each case, out of which the first cycle was discarded from the analysis to remove any effect of initial conditions. Actual intake and exhaust valve lift profiles measured from the CFR engine were used in the simulations. Cycle-averaged crank-angle-resolved pressures and cycle-averaged temperatures from experiments were prescribed at the intake/exhaust boundaries in the CFD model. Estimated cylinder wall/port/valves surface temperatures and residual gas fraction were provided by the 1-D model (Table 2). In order to fairly assess the CFD model performance, the numerical and experimental results were compared for the same location as that of the pressure transducer in experiments.  
Each simulation was run using 80 processors on the Peregrine computing cluster at National Renewable Energy Laboratory (NREL). Approximate runtimes of each engine cycle for the non-knocking and knocking cases were 48 hours and 76 hours, respectively. In the next subsections, the numerical results are presented and validated against available experimental data. 
Non-knocking Combustion (ST: 5 CAD ATDC)  




Figure 6. Temporal evolution of in-cylinder pressure for both experiment and simulation (ST: 5 CAD ATDC). 
Knocking Combustion (ST: -13 CAD ATDC)  
Experimental Data analysis  As opposed to non-knocking conditions, simple cycle averaging is not suitable for providing a pressure trace representative of the average combustion characteristics (knock intensity, energy of resonance, etc.) of a knocking case because cycle averaging smoothens out the pressure fluctuations. Therefore, in this study, a novel methodology was developed to identify the most representative cycle of an operating point exhibiting knock. The main principle behind this technique lies in preserving the average characteristics of the high frequency content of the pressure signal.  
The selection procedure aimed at first choosing a few cycles which showed least deviation from the average values of three characteristic parameters of knocking combustion. While the maximum pressure rise rate (dP/dt)max was used to characterize the uniform in-cylinder pressure rise, the unsteady pressure field was described by the energy of resonance (Eres) [66] and MAPO [67]. Considering these three parameters, a cost function (CF) was defined for each cycle i as follows: 
 max max
max
( / ) ( / )
( / )
i avg i avgres res i avg
i avg avgres avg
dP dt dP dt E E MAPO MAPOCF dP dt E MAPO
                    (4) 
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Cost function was calculated using Eq. (4) for all the experimental cycles and the top four cycles having the lowest cost function values were chosen as potential candidates for the most representative cycle. These four cycles (24, 64, 149, 169) are plotted in Figure 7. In addition, all the experimental cycles, the cycle-averaged pressure trace and standard deviation (SD) band around the cycle-averaged pressure are also depicted. Clearly, cycle 24 lies outside the SD band and therefore, was discarded.  
 
Figure 7. Experimental cycles for the knocking case (ST: -13 CAD ATDC). Candidates for the most representative pressure trace are also highlighted. 
 
 
Figure 8. In-cylinder pressure spectra of the experimental cycles (ST: -13 CAD ATDC). 
Subsequently, the pressure spectra [66] of the remaining candidate cycles were compared with the average pressure spectra of all cycles as shown in Figure 8. It is evident that only cycle 169 correctly captures the frequency response in the whole broadband, since some of the three resonant peaks observed in the average spectrum are not reproduced in the rest of the candidate cycles. Therefore, cycle 169 was considered to be the most representative pressure trace. 
A unique feature of knocking combustion in a CFR engine is the so-called “knock point” [68]. It is the crank angle at which a distinct change occurs in the slope of in-cylinder pressure under knocking conditions. At this crank angle, pressure rise due to auto-ignition dominates that due to flame propagation. In the present work, knock point of each cycle was estimated as the crank angle at which the absolute value of the second derivative of in-cylinder pressure exceeded 2 MPa/cad2. The same criterion was also employed by Foong et el. [69] in their experimental study. Figure 9 shows the 




Figure 9. Knock points of the experimental cycles (ST: -13 CAD ATDC).   
Validation of Numerical Results  The numerical results of pressure evolution at the spark plug transducer location are plotted in Figure 10. In addition, all the experimental cycles including the most representative cycle are also shown. Qualitatively, the numerical cycles exhibit a characteristic sudden change in the slope of pressure evolution before the occurrence of pressure oscillations, very similar to the experimental 
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cycles. The pressure at knock point is predicted well by the simulation as well. Furthermore, all the numerical cycles are reasonably well bracketed by the experimental spread, similar to the non-knocking case. 
 
Figure 10. Temporal evolution of in-cylinder pressure for both experiment and simulation (ST: -13 CAD ATDC). 
A quantitative comparison of the average knock characteristics between the most representative pressure trace from experiment and simulation results is shown in Table 5. A very good agreement was achieved, with the CFD model predicting slightly higher average knock intensity and average energy of resonance. Moreover, average knock point was predicted quite accurately by simulation with an error of only 0.15 CAD.    
Table 5. Average knock characteristics from experiment and simulation. 
Knock characteristic Experiment (Most representative cycle) Simulation 
Average knock intensity (MAPO) 2.3 bar 2.57 bar Average knock point 11.15 CAD ATDC 11.30 CAD ATDC Average energy of resonance 15.86 KPa
2s 17.2 KPa2s 
 
Finally, the evolutions of flame propagation and auto-ignition development in simulation were analyzed to look into the knocking phenomena in more detail. Figure 11 shows the contour plots of OH and CH2O mass fractions, and the local pressure difference, on a horizontal cut plane passing through the spark plug electrode, for the third simulation cycle. Intake and exhaust valves are located on the left and right sides, respectively. Results are shown for four different crank angles. It must be noted that OH is a very good marker for regions governed by high temperature chemistry, such as the flame front and burned gas behind the flame front. On the other hand, presence of CH2O is a prominent indicator of low temperature chemistry. From Figure 11, it can be seen that the turbulent flame gets preferentially pushed towards the intake side, which can be attributed to the effect of swirl generated by the intake valve shroud.  At 10.7 CAD ATDC, there is considerable amount of CH2O in the end-gas signifying enhanced reactivity. However, the pressure is spatially uniform. Subsequently, at 11.0 CAD ATDC (which is also the estimated knock point for this cycle), part of the end-gas (on the exhaust side) abruptly auto-ignites, indicated by the sudden consumption of CH2O and formation of OH. This causes local pressure imbalance leading to the formation of a pressure wave. The pressure wave, then travels from one side of combustion chamber to the other (11.1-11.3 CAD ATDC). These phenomena result in the 














Figure 11. Contour plots of OH and CH2O mass fractions, and local pressure difference on a horizontal cut plane passing through the spark plug electrode, for the third simulation cycle. Intake and exhaust valves are located on the left and right sides, respectively. Knockmeter port cavity can be seen at the bottom. 
The main goal of the present numerical study was to assess the capability of virtual CFR engine model to predict combustion characteristics, for both non-knocking and knocking conditions. It is important to note that the proposed methodology of laminar flame speed tabulation using a chemical kinetic mechanism requires the mechanism to be predictive under engine-relevant conditions. This calls for a rigorous validation of kinetic mechanisms against high-pressure laminar flame speed measurements to ensure their suitability for engine CFD simulations. Secondly, in this work, a relatively small number of consecutive engine cycles were simulated in the RANS framework. As a result, cycle-to-cycle variability (CCV) was not adequately captured, as evident from Figures 6 and 10. Another point to note is that the combustion behaviors of the two ST cases considered here show no variability from one cycle to another. For ST of 5 CAD ATDC, none of the cycles were knocking and for ST of -13 CAD ATDC, all the cycles were knocking (MAPOi > 1 bar). Therefore, in future work, multi-cycle LES will be performed to predict CCV for not only these two extreme cases, but also for intermediate STs, which would fall under the category of “light knock” or “incipient knock”. In addition to LES, advanced spark ignition models [70] will be employed to capture the initial spark kernel growth more accurately. As a numerical tool, the virtual CFR engine model can be used to readily test different fuels or fuel blends and investigate the influence of fuel properties on the resultant knocking tendency. Furthermore, parametric tests can also be carried 
out with the model to gain more insights into fuel-engine interactions at different operating conditions relevant to modern SI engines.     
Summary and Conclusions 
In the present work, a multidimensional CFD model was developed to capture knocking combustion in a CFR engine. The combustion modeling strategy entailed a new hybrid approach employing homogeneous reactor multi-zone model to predict end-gas auto-ignition and G-equation model with tabulated laminar flame speeds to track the turbulent flame propagation. The model was used to simulate both non-knocking (ST of 5 CAD ATDC) and knocking (ST of -13 CAD ATDC) operating points for iso-octane fuel. Multi-cycle RANS simulations were performed for both the cases. The intake/exhaust boundary conditions were provided by in-house CFR engine experiments. On the other hand, cylinder wall/valve/port surface temperatures and residual gas fraction were prescribed by a well-calibrated 1-D model. Based on validation against homogeneous ignition delay and laminar flame speed experimental data from the literature, a 48-species reduced PRF mechanism was chosen to describe auto-ignition chemistry in the end-gas, while the laminar flame speed table was generated using a 165-species skeletal mechanism. For the non-knocking case, simulation predicted the cycle-averaged combustion characteristics, such as peak pressure magnitude/location, CA10 and CA50 reasonably well. With regard to the knocking case, first the experimental data was analyzed using a novel methodology to identify the most representative cycle. The technique was based on the idea of preserving the average characteristic features of knocking combustion: (dP/dt)max, Eres and MAPO. In addition, the knock points of the experimental and numerical cycles were determined based on a threshold value of the second derivative of in-cylinder pressure. The numerical cycles were also shown to be well within the corresponding experimental spread. Thereafter, a comparison between the most representative cycle from experiment and simulation results was carried out. It was found that the model predictions of various average knock characteristics (knock point, MAPO and energy of resonance) were in good agreement with experimental data. Lastly, visualization of the in-cylinder distributions of OH and CH2O species, and local pressure difference showed the occurrence of knock onset near the exhaust valve.   
Future studies with the virtual CFR engine model will include multi-cycle LES to capture knock CCV, testing more complex fuel surrogates/blends, investigating effects of fuel properties on knocking tendency and exploring fuel-engine interactions at boosted conditions relevant to modern SI engines.  
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